Partial cross-sections for photoionization with excitation of Li + leaving the remaining bound electron in the 1s, 2s, 2p, 3s, 3p, and 3d states and total cross-sections for double photoionization have been calculated employing the time-dependent close-coupling method. 
I. INTRODUCTION
Photoionization of atoms and ions resulting in the ejection of two or even more electrons cannot occur in the absence of electron-electron correlations due to the single-particle nature of the dipole interaction. This is the reason why double and multiple photoionization processes serve as sensitive probes of electron-electron correlations in both the initial bound and final continuum state. The most basic of all these processes is double photoionization of two-electron systems such as He atoms and Li + ions. This process is known as the three-body Coulomb problem and, in full, requires an accurate description of the correlated motion of two electrons in the long-range Coulomb field of the residual stripped atom and ion, respectively. Although this process comprises the interaction of just three charged particles, it can only be handled numerically.
Improvements in computing facilities, synchrotron radiation sources and detection techniques over the last decade have led to highly remarkable advances in the understanding of correlated photoionization processes since the pioneering works ͓1,2͔ of the late 1960s. Above all, this applies to the He atom, for which total cross-sections and, more demanding, differential cross-sections for the double photoionization from the ground state 1s 2 1 S have been calculated and measured. Different theoretical methods, like many-body perturbation theory ͓3,4͔, the two screened Coulomb method ͓5-7͔, the hyperspherical R-matrix method with semiclassical outgoing waves ͓8-10͔, the convergent close-coupling method ͓11-15͔, the B-spline based R-matrix method ͓16͔, the timedependent close-coupling method ͓17-21͔, and, recently, the exterior complex scaling B-spline method ͓22͔ have been tested. New detection techniques such as the time-of-flight spectroscopy ͓23-25͔, the use of toroidal analysers with position-sensitive detectors ͓26-28͔, and the cold-target recoil-ion momentum spectroscopy ͓29-34͔ have been established. For the two lowest metastable excited states 1s2s 1,3 S of He, however, solely theoretical studies of total and differential cross-sections for double photoionization have been performed so far ͓16,20,35-39͔. Unlike the others, the latest investigation ͓39͔ is a model calculation which allows one to study the contributions of the two main mechanisms of the double photoionization process, that is, knockout and shakeoff.
The situation for double photoionization of ions of the He isoelectronic sequence, which are of importance in plasma physics and astrophysics, is much less advanced, primarily due to difficulties in attaining target densities sufficient to carry out experiments. For Li + ions, which, in view of planned comprehensive experiments ͓40͔, are the subject of the present paper, to the best of the authors' knowledge, solely calculational results are available to date. Absolute total cross-sections for the ground state 1s 2 1 S of Li + ions have been obtained across a wide range of photon energies using uncorrelated and correlated two-electron continuum wave functions, respectively ͑C2 and C3 models͒ ͓41͔, and the convergent close-coupling method ͓12͔. The former calculation, however, exhibits considerable differences in the cross-sections evaluated in the length and velocity gauges. Calculations for double-to-total and double-to-single crosssection ratios have been made employing the B-spline based R-matrix method ͓16͔ and a model calculation ͓42͔ to uncover the two main double photoionization mechanisms as outlined above; the limit of high photon energies has also been considered ͓43͔. Turning to differential cross-sections, till now, there is just one theoretical work dealing with ejected-energy differential cross-sections ͓41͔, double and triple differential cross-sections have not been investigated. Presently, less work has been done for the metastable excited states 1s2s
1,3 S of Li + . Double-to-total and double-to-single cross-section ratios for the excited singlet state are available over a fairly wide range of photon energies ͓16͔ and in the limit of high photon energies ͓36͔ whereas the excited triplet state has been considered for high photon energies ͓36͔, only.
Closely related to double photoionization, and likewise impossible in the absence of electron-electron correlations, is photoionization with excitation, that is, just one electron is ejected and the residual ion is left in an excited state. Again, most data are available for the He atom. Apart from many-*Electronic address: kleiman@physics.auburn.edu body perturbation theory ͓44͔, recent calculations of partial cross-sections for the ground state of He are based on the R-matrix with pseudostates method ͓45͔, the time-dependent close-coupling method ͓17͔, and the convergent closecoupling method ͓12,15͔. Experiments have also been performed, for example, Refs. ͓46,47͔. For the metastable excited states 1s2s 1,3 S of He, data for partial cross-sections are available but solely on the basis of theoretical studies ͓20,37,38͔.
Photoionization with excitation of Li + has been considered even less. Up to now, it is just the convergent closecoupling method ͓12͔ which has been employed for the calculation of absolute partial cross-sections for leaving the remaining bound electron in specified shells, subshells have not been taken into account. This calculation, which covers a wide range of photon energies, has been carried out for the ground state, but not for excited states.
In view of the lack of data for Li + ions and planned experiments ͓40͔, in this paper the time-dependent closecoupling method, previously applied with great success to the isoelectronic He atom ͓17-21͔, is used to look into double photoionization and photoionization with excitation of Li + ions, where the ground state and the two lowest metastable excited states 1s2s 1,3 S are considered. The timedependent close-coupling method is outlined in Sec. II. In Sec. III absolute total cross-sections for double photoionization and absolute partial cross-sections for photoionization with excitation of the remaining bound electron to different subshells are presented and discussed. Comparisons are drawn mainly with convergent close-coupling calculations ͓12͔ and B-spline based R-matrix calculations ͓16͔. Finally, the main results are summarized in Sec. IV.
II. TIME-DEPENDENT CLOSE-COUPLING METHOD
The time-dependent close-coupling method as applied to photoionization with excitation and double photoionization processes in atomic and ionic two-electron systems with an initial 1,3 S symmetry is outlined below. Atomic units are used unless otherwise stated. A more detailed account, including the implementation of this method on parallel computers, may be found in the initial work ͓17͔.
The time-dependent wave function for such atomic or ionic two-electron systems ͑electron coordinates r ជ 1 and r ជ 2 ͒ exposed to dipole radiation may be split up into two parts,
As shown below, after a sufficient time t = T s has passed, both absolute partial cross-sections for photoionization with excitation and absolute total cross-sections for double photoionization can be obtained from the time-dependent wave function ⌿ 1,3 P ͑r ជ 1 , r ជ 2 , t͒, which initially equals zero.
The wave function ⌽ 0 1,3 S ͑r ជ 1 , r ជ 2 ͒ for the initial state which, in this paper, is the ground state 1s 2 1 S or either of the two metastable excited states 1s2s 1,3 S of Li + , is obtained by an expansion in two-electron coupled spherical harmonics,
and subsequent relaxation of the time-dependent Schrödinger equation
in imaginary time ͑ = i t͒. The nonrelativistic Hamiltonian operator for the three-body Coulomb system with the nucleus of charge Z =3 ͑Li + ions͒ at the origin of the coordinate system is given by
Substituting expansion ͑2͒ into Eq. ͑3͒ results in a set of coupled partial differential equations for the two-electron radial wave functions P ll 1,3 S ͑r 1 , r 2 , ͒ which is solved on a numerical lattice consisting of 640ϫ 640 points with a mesh spacing of ⌬r = 0. 
͑6͒
for the excited states, where P 1s ͑r͒ and P 2s ͑r͒ are both bound electron radial wave functions of the Li 2+ ion. These wave functions and other one-electron radial wave functions P nl ͑r͒ used for projection ͑see below͒ are calculated by diagonalizing the corresponding time-independent radial Hamiltonian operator,
on a one-dimensional numerical lattice having the same number of points and the same mesh spacing as that used for the two-electron system. To set the reader an example, for evaluating a converged fully correlated wave function ⌽ 0 1 S ͑r ជ 1 , r ជ 2 ͒ and energies for the ground state of Li + , orbital angular momenta up to l = 8 were needed in expansion ͑2͒ with which Eq. ͑3͒ has been time propagated for 750 imaginary time steps of ⌬ = 0.002i. The comparatively large number of orbital angular momenta is required primarily for photoionization with excitation below the double ionization threshold. For photon energies above the double ionization threshold orbital angular momenta up to l = 5 are sufficient for most of the calculated cross-sections ͑see below͒. The calculational details about the two excited states 1s2s 1,3 S are summarized in Table I . To get converged pure excitedstate wave functions, Eq. ͑3͒ had to be time propagated over considerable longer imaginary periods. In addition, the relax-ation of the excited singlet state requires a Schmidt orthogonalization, otherwise it would lead to the ground state ͓48͔. Note that for the time-dependent close-coupling method, achieving wave functions which are converged with respect to the number of partial waves, the lattice size, the mesh spacing, and the propagation time is more essential to converging the single and double photoionization cross-sections than generating energies that exactly match the chemical ones.
1 As usual, these parameters were varied until adequate accuracy ͑about 2-3 %͒ was achieved. The finite mesh spacing energy results are typically within 1-2 % of the infinite mesh spacing energy results.
The wave function ⌿ total ͑r ជ 1 , r ជ 2 , t͒ describing the threebody Coulomb system while interacting with a classical time-dependent electric field, satisfies the time-dependent Schrödinger equation which, in the weak-field perturbative limit where one-photon absorption is the only relevant process, reduces to
͑8͒
Here, the classical electric field of amplitude E͑t͒ and frequency is assumed to be fully linearly polarized along the z axis. In the length gauge the corresponding Hamiltonian operator may be written as
To avoid ringing effects, the time-dependent amplitude has to be ramped on quite slowly. Here, it is ramped on linearly from zero to one over a quarter of the total time T s which is necessary to time propagate Eq. ͑8͒ on the already specified numerical lattice for achieving convergence. For both the ground state and the excited states, T s covers 25 periods of the electric field. Note that one might have also considered a Hamiltonian operator H field in the velocity gauge, but since fully correlated, highly accurate wave functions on the lattice are used for the temporal development of Eq. ͑8͒, the results for the partial and total cross-sections, directly extractable from the time evolved wave function ⌿ 1,3 P ͑r ជ 1 , r ជ 2 , T s ͒, are expected to be gauge invariant. Previous time-dependent closecoupling calculations of photoionization with excitation and double photoionization of He ͓17,20͔ have turned out to be gauge invariant. For the time propagation of Eq. ͑8͒, the wave function ⌿ 1,3 P ͑r ជ 1 , r ជ 2 , t͒ is expanded in two-electron coupled spherical harmonics
where
denotes a Clebsch-Gordan coefficient. In this way, Eq. ͑8͒ along with Eq. ͑9͒ are transformed into a set of coupled partial differential equations for the two-electron radial wave functions P l 1 l 2 1,3 P ͑r 1 , r 2 , t͒ to be evaluated, carrying out the time propagation under the initial condition
for all possible orbital angular momentum pairs l 1 , l 2 . For photon absorption from the ground state of Li + orbital angular momenta up to l 1 , l 2 = 9 have been used to calculate all those cross-sections that will be discussed in Sec. III A. These high orbital angular momenta are mainly necessary for photoionization with excitation processes below the double ionization threshold. For photon energies above the double ionization threshold, orbital angular momenta l ഛ 5 and l 1 , l 2 ഛ 6 are in general sufficient. Apart from only a few exceptions, the results of the two calculations differ from each other by less than 2%. This, however, does not hold for photoionization with excitation to the subshells 2s and 3d. Here, the inclusion of higher orbital angular momenta has led to a relative decrease of the two partial cross-sections of about 6-9 % and up to 7%, respectively. Moreover, the sum of the partial cross-sections for photoionization with excitation to 2s and 2p decreases by about 4-6 %. For the two excited states see Table I . Regarding these states it is reasonable to stress that for photon energies below the double ionization threshold an inclusion of higher orbital angular momenta is expected to improve the convergence of some of the partial cross-sections. However, as a sufficient propagation time T s has to be ensured, the computational resources, available for the present study, do not allow for such more time consuming calculations.
As mentioned briefly, cross-sections for various photoionization processes can be easily extracted from the wave function ⌿ 1,3 P ͑r ជ 1 , r ជ 2 , t͒ provided the time propagation according to Eq. ͑8͒ has been performed over a period T s sufficient to ensure convergence. The partial cross-section nl 1,3 P for photoionization with excitation of the remaining bound electron to the subshell nl and the total cross-section d 1,3 P for double photoionization are given by 1
In the present calculations, the main source of error in the energy is due to the finite mesh spacing. The electronic correlation, which is a major contributor to double ionization, is accurately represented. 
where the triangle conditions ⌬͑l 1 l1͒, ⌬͑lЈl1͒, ⌬͑l 2 l1͒, and ⌬͑l 1 l 2 1͒ apply. Note that fully evolved in time, the interaction of the electrons becomes quite small in regard to their kinetic energies. Thus projection onto one electron states, here bound electron states, becomes an excellent approximation. Recalling that projections can also be made onto products of distorted continuum electron states yielding the same results for partial and total cross-sections, see, for example, Ref. ͓20͔, one may stress that in analogy to real experiments, the projection process corresponds to a pair of free electron detectors. The photoionization probabilities ͑14͒ and ͑15͒ may be monitored as a function of the propagation time. One can stop time propagating Eq. ͑8͒ when the rate of change of the ionization probabilities becomes constant.
III. RESULTS AND DISCUSSION
As mentioned in Sec. II, a major advantage of the timedependent close-coupling ͑TDCC͒ method is the possibility to extract various sorts of cross-sections from the time evolved wave function ⌿ 
͑16͒
for excitation of the remaining bound electron to the shells with principal quantum numbers n = 2 and n = 3. Here, photon energies not only above but also below the double ionization threshold ͑193.5 eV͒ have been considered. Figure 2 It is obvious from Fig. 2 that photoionization without any excitation is, by far, the dominant process for all photon energies considered because electron-electron correlations are not required. The other processes, for which electronelectron correlations are essential, namely photoionization with excitation and double photoionization, are much less probable. Among the different ionization-excitation processes investigated, excitation of the remaining bound electron to the n = 2 shell is more likely than to the n = 3 shell, this particularly applies to the near-threshold region. This finding corresponds with the well-known fact that partial cross-sections become smaller the higher the remaining bound electron is excited as it is more likely that the electron absorbing the photon transfers a small amount of energy to the other electron than a large one. On closer examination, for photon energies below about 210 eV, excitation to the 2p subshell is somewhat more likely than to 2s indicating a slight preference for the dipole excitation 1s → 2p compared with the monopole excitation 1s → 2s at lower photon energies. It is vice versa for higher photon energies. Something similar holds for excitations to the 3s and 3p subshells where the corresponding partial cross-sections intercept at a photon energy of about 260 eV. The quadrupole excitation from the 1s to the 3d subshell is the most improbable of all the ionization-excitation processes investigated in this paper. Compared to the latter process, by which one of the two electrons is in a comparatively high excited state, at photon energies of 200 eV and higher double photoionization is more likely to occur. The total cross-section peaks somewhere between 245 and 250 eV and, as anticipated, has the second largest peak of the three total cross-sections for double photoionization ͑see Figs. 2, 6, and 8͒ that are examined in this paper.
As mentioned in Sec. I, the number of investigations dealing with photon induced correlated processes in Li + ions is comparatively small, and yet, some of the TDCC crosssections presented in Fig. 2 can be compared with previous calculations, of which the study employing the convergent close-coupling method ͓12͔ is the most comprehensive one performed so far. Moreover, this study includes absolute cross-sections.
In the top left part of Fig. 2 the TDCC data for photoionization of Li + ͑1s 2 , 1 S͒ ions with the other electron remaining in the 1s shell are compared with the convergent closecoupling ͑CCC͒ data evaluated by Kheifets and Bray ͓12͔ with the length form of the dipole operator. The overall agreement between the two data sets is good, though for photon energies in the vicinity of the double ionization threshold the CCC data are slightly larger than the TDCC data. This difference becomes smaller for higher photon energies but, within the energy range displayed in the top left part of Fig. 2 , the course of the CCC curve is always above the TDCC data points.
The top right and bottom left parts of Fig. 2 curves and TDCC data points almost match each other for photon energies above about 240 eV while for lower photon energies the CCC values are, as for photoionization without excitation, somewhat larger than the TDCC values. The near threshold region for photoionization with excitation to the shells with principal quantum numbers n =2 ͑Ϸ 167.5 eV ͓49͔͒ and n =3 ͑Ϸ 184.5 eV ͓49͔͒ is particularly sensitive to electron-electron correlations because the electron, which absorbs the incident photon, moves rather slowly and therefore on its way out of the atom has time to interact with the other electron.
For the double photoionization of Li + ͑1s 2 , 1 S͒ ions four calculations employing different theoretical models have been carried out to date ͓12,16,41,42͔ where two of them provide absolute total cross-sections so that a direct comparison with the TDCC results is feasible. Beginning again with the CCC calculations of Kheifets and Bray ͓12͔, it is evident from the bottom right part of Fig. 2 that there is an overall good agreement between the CCC and TDCC results, though near the double photoionization threshold the CCC value is half the TDCC value. This discrepancy might be due to different double photoionization thresholds calculated by the CCC and TDCC methods where the CCC method seems to yield a threshold value closer to the chemical one ͓49͔. Without exception, for photon energies at and above the peak of the double photoionization cross-section the CCC curve lies slightly above the TDCC data points. As for the prior comparisons experiments would be desirable to perform a more thorough analysis of the CCC and TDCC data, especially as there is just a small difference between these two data sets.
Absolute total cross-sections for the double photoionization of Li + ͑1s 2 , 1 S͒ ions are further available from an older calculation by Kornberg and Miraglia ͓41͔ who have used an independent electron approximation ͑C2 model͒ in which the double continuum wave function of the final state is built as a product of two Coulomb wave functions. Their results in the length as well as in the velocity form of the dipole operator are sketched in Fig. 3 as a function of the energy above the double photoionization threshold. Though the two reproduced curves are fairly inaccurate as they have been extracted from figures, the huge discrepancy between the length and velocity data is evident. This concerns the magnitude but also the energetic position of the peak of the double photoionization cross-section. The peaks, for example, are separated by about 40 eV. This plainly shows the inability of the C2 model to generate accurate correlated double continuum wave functions for sufficient large ranges. Remember, the length gauge emphasizes the longer range parts of the wave functions whereas the velocity gauge emphasizes the intermediate parts. The TDCC curve, generated with the length form ͑9͒ of the dipole operator, falls between the two C2 curves, but it lies vastly much closer to the velocity curve of Ref. ͓41͔ and peaks at roughly the same excess energy.
In Fig. 4 the ratio between double and total photoionization obtained by van der Hart and Feng ͓16͔, who employed the B-spline based R-matrix method, is plotted as a function of the energy above the double photoionization threshold. Their data lie systematically below the TDCC data but the shape of the two curves is in good agreement. This may have something to do with the box size as discussed in Ref.
͓16͔.
Enlarging the box, which requires additional splines in the basis set and thus more time consuming calculations, most probably results in an increase of the values, especially in the near threshold region. The systematic difference between the two data sets may also be connected with the number of cross-sections that contribute to the total photoionization cross-section. The total photoionization cross-section obtained from the TDCC cross-sections presented in Fig. 2 is as follows:
Partial cross-sections for photoionization with excitation of the bound electron to higher shells like n = 4 and n = 5 have not been calculated in the present work. The CCC calculations ͓12͔, however, indicate that though the partial crosssections for these excitation processes are considerably smaller, they are not necessarily negligible. Therefore the TDCC double-to-total ionization cross-section ratio is expected to decrease and approach towards the B-spline based R-matrix data. To avoid this problem, in future calculations, the total photoionization cross-section will be directly calculated using the TDCC method.
Another cross-section ratio has been obtained by Schneider and Rost ͓42͔, who have made a model calculation as outlined in Sec. I. The double ionization cross-section is normalized to the cross-section for single ionization leaving the residual Li 2+ ion in its ground state or in an excited state.
Their results are displayed in Fig. 5 and are in excellent agreement with the TDCC cross-section ratio which includes ionization with excitation to the shells n =1, 2, 3:
Excitations to higher shells, which may result in a slight decrease of the present TDCC values, have not been considered as discussed above.
B. Metastable excited states
Investigating the two metastable excited states 1s2s 1,3 S of Li + ions allows one to probe the influence of the spin symmetry on the two-electron dynamics of photoionizationexcitation and double photoionization processes. Although the ionization potentials are lower for the excited states with the two electrons being in different subshells, one might expect the overall electron-electron correlations to be weaker compared to photoionization from the ground state. Unlike the ground state where the incident photon is absorbed by one of the two 1s electrons, photon absorption may be through the 1s or 2s electron of the metastable excited states. Figure 6 shows various partial cross-sections nl 1 P ͑n ഛ 3͒ and the summation cross-sections ͑16͒ for single photoionization with excitation as well as the total double photoionization cross- state of Li + ions. As for the ground state, photon energies both above and below the double ionization threshold ͑134.4 eV͒ have been considered. Again, note the different scaling of the ordinate axes.
Excited singlet state
From Fig. 6 it becomes evident that, in contrast to photoionization from the ground state, the residual Li 2+ ion is much more likely to be left in the n = 2 and n = 3 excited states than in the ground state. The corresponding partial cross-sections differ from each other by up to an order of magnitude. As expected, it is by far more probable to find the remaining bound electron in the n = 2 shell than in n = 3. This holds for all photon energies investigated. Turning to the subshells, monopole excitation processes are preferred where the remaining bound electron is most likely to be found in the 2s subshell. Notice that the latter process does not demand any electron-electron correlations. Therefore photoionization from the excited singlet state is dominated by an uncorrelated process, just as for the ground state. The other uncorrelated process, in which the 2s electron of the excited singlet state is ionized, is much less likely to occur. The preferred photoionization of the 1s to the 2s electron may be understandable in first-order perturbation theory by considering the respective dipole transition matrix elements M 1 = ͗ 1 p 2s͉D͉1s 2s͘ and M 2 = ͗1s 2 p͉D͉1s 2s͘. As the total energies of the two final states are the same and the 1s electron is more tightly bound than the 2s electron, the energy 2 is much larger than 1 . Thus the partial wave 2 p oscillates much more rapidly than 1 p, so that M 2 is averaged out much more than M 1 . The different shapes of the 1s and 2s amplitudes seem to be of minor importance. It might be worth mentioning that for photon energies higher than 120 eV, dipole and quadrupole excitation processes yield partial cross-sections which all are of approximately the same order of magnitude. This also holds for the partial cross-section where the bound electron of Li 2+ is in the ground state. Double photoionization is obviously not the major process but, in comparison to the ground state of Li + , the total crosssection is significantly larger. It has its peak at about 160 eV photon energy, which is about 25 eV above the double photoionization threshold. Recall that the double photoionization cross-section of the ground state peaks at about 50 eV excess energy where the peak is roughly a factor of three smaller. Anticipating the discussion of the excited triplet state, for double photoionization, the excited singlet state has the largest peak cross-section of all the three initial states investigated here.
As emphasized in Sec. I, up to now only van der Hart and Feng ͓16͔ have done calculations on photoionizationexcitation and double photoionization of the excited 1s2s 1 S state of Li + ions across a wide range of photon energies. Their double-to-total cross-section ratio is plotted in Fig. 7 versus the excess energy along with the ratio obtained from the TDCC data. As for the ground state, the B-spline based R-matrix values are systematically smaller than the TDCC values. Again, apart from the presence of some nonphysical pseudoresonances ͓16͔, the two curves are of similar shape, in particular both curves exhibit a maximum. This is in contrast to the photoionization of the ground state ͑see Fig. 4͒ where, for the same excess energies, the double-to-total cross-section ratio continues to increase.
Excited triplet state
The same cross-sections as analyzed for the 1s2s 1 S state are presented in Fig. 8 for the corresponding excited triplet state. The energy to be expended for double photoionization of this triplet state is slightly smaller as expected; it is 136.3 eV. Again, the four ordinate axes are differently scaled.
Compared to the excited singlet state, it is evident from Figs. 6 and 8 that the parallel orientation of the two electron spins has almost no influence on the magnitude of the partial cross-section for photoionization of Li + leaving the residual doubly charged cation in the ground state 1s 1 S. The data point at the incident photon energy of 115 eV might be considered as an exception. A significant increase of 20-30 % relative to the excited singlet state can be made out in the partial cross-section for the photoionization of the excited triplet state where the remaining bound electron is left in the 2s subshell. Except for the first data point the partial crosssection where the bound electron is finally in the 2p subshell also increases. Though not actually apparent from Figs. 6 and 8, this increase is mainly even larger but, nonetheless, the partial cross-section for 2p remains much smaller than the corresponding partial cross-section for 2s. Thus among the different photoionization-excitation processes investigated, the residual Li 2+ ion is most likely to be found in the excited 2s state. Excitation to any of the subshells of the n = 3 shell is much less likely. The corresponding summation cross-section, for instance, is about 60-70 % smaller compared to the excited singlet state. Double photoionization is also not the major process among the various correlated processes considered in this paper. For the excited triplet state the total cross-section peaks at a photon energy of about 160 eV. The peak is located at a slightly higher excess energy and is about 90% smaller than the peak of the excited singlet state. Thus this peak is the smallest one. The reason for this is that the excited triplet state has a vanishing probability on the Wannier ridge r 1 = r 2 whereas the ground state and the excited singlet state have a nonvanishing probability. FIG. 7 . The ratio between double and total photoionization for Li + ͑1s2s , 1 S͒ as a function of the energy above the double photoionization threshold: ᭡ TDCC data; ···· B-spline based R-matrix data ͓16͔.
Finally, Fig. 9 displays the double-to-single cross-section ratio for photoionization of Li + ions being initially in the states 1s 2 1 S ,1s2s 1 S, and 1s2s 3 S. It is obvious that double photoionization of the excited singlet state has the largest cross-section ratio. This holds for photon energies up to about 380 eV which is well beyond the threshold for double ionization of the ground state. For photon energies exceeding 380 eV, double ionization of the ground state attains a larger cross-section ratio than double ionization of the excited singlet state. This finding is supported by van der Hart and Feng ͓16͔ who considered the ground and excited singlet states and took into account photon energies up to 250 eV above the respective double ionization thresholds. However, it has been shown by Forrey et al. ͓36͔ that in the limit of high photon energies double ionization of the excited singlet state of Li + ions has a larger cross-section ratio than double ionization of the ground state. This means that the respective curves plotted in Fig. 9 must intercept twice. Note that this is in contrast to the He atom ͓16,36͔. As discussed previously, double photoionization of the excited triplet state of Li + ions has a considerably smaller cross-section ratio.
IV. CONCLUSION
In this paper, an extensive study of photoionization with excitation and double photoionization of the ground state 1s 2 1 S and the two metastable excited states 1s2s 1,3 S of Li + ions has been performed employing the time-dependent close-coupling method. The absolute results for the ground state are in good agreement with convergent close-coupling results obtained previously by Kheifets and Bray ͓12͔. They, however, investigated photoionization with excitation to different shells, but not to subshells. Among these processes, the uncorrelated process where the remaining bound electron is left in the 1s shell of the Li 2+ ions dominates. The present time-dependent close-coupling calculation is the very first one providing absolute partial and absolute total cross sections for the metastable excited states 1s2s 1,3 S. The photoionization of both the singlet and the triplet state yields Li 2+ ions with the bound electron most likely to be found in the 2s subshell, a process which does not require electronelectron correlations. For all the three initial states of Li + investigated, double photoionization is much less likely to occur than photoionization with excitation. For photon energies up to about 380 eV, the double-to-single cross-section ratio for photoionization of the excited singlet state is larger than for photoionization of the ground state. From the ratios along with the work of Forrey et al. ͓36͔ one may conclude that for a limited photon energy region above 380 eV the situation is vice versa. This is in contrast to the He atom ͓16,36͔. The next step in investigating double photoionization of Li + ions is the calculation of differential crosssections, as they provide more insight into electron-electron correlations.
